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Introduction
A number of studies have been conducted to characterize the properties of the conventional asphalt mixture as road material using various imaging techniques [1] [2] [3] . The use of advanced scanning technology for microstructural characterization has been reported with many successful findings in interpreting the internal structure distribution and their correlation with the mixture's mechanical properties [4] [5] . However, to date, as far as the authors are concerned based on extensive reviews, nothing has been published regarding the microstructure of the asphalt mixtures modified with crumb rubber as aggregates substitution (dry process). This paper is an effort to introduce some important features of the rubberized asphalt mixtures produced with dry process method from the microstructural perspective as captured using X-ray CT and SEM imaging techniques. In general, the internal structure of the dry mixed rubberized asphalt mixtures consists of four main regions of interest (ROI) i.e. aggregate, rubber, mastic or binder and air void. Using the aforementioned imaging techniques, these features are captured in two-dimensional images from various angles and characterized in details. It should be noted that there are limitations in using these techniques for capturing the microstructural images such as the resolution and magnification depending on the various versions of these scanning instruments available in the market. However, the images presented in this paper have been selected from various scanning attempts and quality improvement to ensure they represent as much as possible the actual features of the microstructure of rubberized asphalt mixture. The points highlighted could be a guide for researchers to select the best scanning method in getting better images. In addition, the scanning instruments used are methods of observation and to get a complete characterization of the microstructure properties, further image processing and image analysis techniques should be undertaken. Details pertaining these works conducted for rubberized asphalt mixtures are discussed in Abdul Hassan [6] . With the explanation provided, the authors hope that it will be useful to researchers and engineers to better understand the microstructure of this particular mixture even though the interpretations may vary among researchers subjected to the image selection.
Materials and Methods of Scanning
Mix Design, For the scanning purpose, gyratory compacted samples of Hot Rolled Asphalt Mixture (HRA 60/20) were fabricated with diameter, 100 mm and height, 100 mm at 5% air voids content in accordance with BS 954-1:2005. The mixture was modified with 2% crumb rubber from the total weight of aggregates for different sizes; fine rubber (1-3 mm) and coarse rubber (5-6 mm). The rubberised mixtures were compared with unmodified mixture of HRA 60/20. Granite type aggregate and bitumen of 100/150 PEN were used with 5.7 and 6.9% bitumen content for unmodified and rubberised mixtures respectively.
Imaging Techniques, The scanning works were undertaken to visualize the internal structure of the compacted samples i.e. aggregate, air voids, rubber, mastic and the contact zone or interfacial transition zone (ITZ) of rubber-mastic. X-ray CT combined with image analysis technique is considered reliable in viewing the aggregate, air voids, rubber and mastic down to micro size. The X-ray CT scanning consists of an X-ray source with collimator and detector with back filter as shown in Figure 1 . This scanning technique uses the ability of short wavelength electromagnetic radiation (called X-rays) to penetrate objects by measuring the X-ray intensity before and after it passes through the object. The final intensities of a particular path that penetrate the sample in horizontal planes are recorded depending on the X-ray's energy and the atomic number as well as the density and thickness of the object. It produces grey images with a level of pixel greyness ranging from completely black, 0 (low density material) to completely white, 255 (high density material) for 8-bit images. SEM is a type of electron microscope that produces high resolution images (down to nanometer scale) of a sample by scanning it with a focused beam of electrons to generate a variety of signals over a selected surface of solid samples. The signals derived from electron-sample interactions e.g. secondary electrons, backscattered electrons (BSE), reveal information including external morphology (texture), chemical composition, and crystalline structure and orientation of materials over spatial variations. Some SEM requires sample preparation prior scanning by applying an electrically conductive coating such as carbon, gold and metal. 
Microstructure of Dry Mixed Rubberised Asphalt Mixture
Assessing the Rubber and Air Voids, Figure 2 shows the images captured for unmodified and rubberised mixtures of HRA (60/20) with fine and coarse rubber particles. It can be seen that the higher the material density, the higher the grey values will be, which consequently produces a brighter image region for the specified material. The image of air voids appears as the darkest region (in black) with the grey level close to zero because of its lowest density, followed by crumb rubber, mastic and aggregate as a grey region because of its highest density. The air voids are highlighted in red (initially black) to distinguish the air voids region from the rest. These materials composition can be extracted using a 'thresholding technique' prior analysis. Using these images the quantification of spatial distribution, geometrical and shape properties of different materials can be analysed. Through this analysis, the homogeneity of the different materials distribution within the compacted samples can be evaluated. From the images, the fine rubber particles appear to be well distributed within the mastic and around the aggregates, while the coarse rubber particles of the same content are clustered within the mixture. This could be due to the comparatively easy mobility the small rubber particles have in comparison to the coarse rubber particles during laboratory sample mixing and compaction. The clusters formed may have produced a 'cushioning' effect and effectively acting as elastic aggregates to enhance the recovery properties of the samples. If the mixtures had been designed without provision for gaps in the aggregate gradation, the compressed rubber clusters would have 'pushed' the surrounding mastic and aggregates as they recovered their original shape thus resulted in inconsistencies in sample density. For air voids distribution, the rubberised mixtures was found to produce an even air voids content distribution although the air voids sizes were smaller and highly scattered than the control sample which had comparatively more localised air voids at its circumference. The samples containing coarse rubber possessed a greater air void size range compared to fine rubber mixtures although their respective air voids contents remained volumetrically the same. (Figure 3(a&b) ). In contrast a large gap was observed around the ITZ area in asphalt mixture containing coarse rubber as shown in Figure 3 (c&d). This aforementioned is indicative of weak interface bonding or poor adhesion between the coarse rubber particles and mastic. The poor interfacial bonding strength further suggests that the stress transfer mechanism between the rubber particles and the mastic had lessened, and resulted in a higher stress concentration in that particular area. It is when this stress concentration reaches and exceeds specific critical stress intensity or fracture toughness (a material's ability to resist fracture), that cracks begin to grow. However, as compared to the control mixture, rubberised mixtures exhibited highly elastic recovery characteristics due to the elastic contacts provided by the rubber particles. The elastic contacts Mastic Aggregate Air Void Rubber 10 Advanced Research in Materials and Engineering Applications obviously provide higher ability of the specimens with rubber particles to absorb energy under the imposed stress before rupture (termed as material toughness) and associated with increments in strain. Higher material toughness results in greater material resistance to fracture. 
Conclusion
From the explanation, it can be concluded that these imaging techniques can be successfully used to characterize the microstructure of dry mixed rubberized asphalt mixture. Therefore, using the imaging techniques, together with the conventional mechanical properties evaluation, the behavior of rubberized asphalt mixture can be assessed endlessly and simultaneously on many scales. This is important to improve mix design and performance predictions.
